To evaluate new bone formation and fibrosis in implanted human temporal bones and relate that to neurosensory elements preservation. STUDY DESIGN: Human temporal bone histopathology study. SETTING: Temporal bone laboratory. SUBJECTS AND METHODS: Ten human temporal bones from eight patients with multichannel cochlear implants and one single-electrode implant were examined under light microscopy and reconstructed with AMIRA 4.1 3D reconstruction software. Volumes of new bone formation, fibrosis, and patent area were calculated in each bone. RESULTS: The amount of fibrosis and new bone formation postimplantation varied among bones. There were no statistically significant relationships between age at implantation or duration of implantation and the overall amount of new tissue in the implanted ear. There was a relationship between total amount of new tissue and preservation of neurosensory elements only in segment I of the cochlea (Rho ϭ -0.75, P Յ 0.013). Most of the new tissue was located in segments I and II, segment III had little to no new tissue formation, and segment IV was clear in all of the subjects. CONCLUSION: New tissue formation postimplantation was related to preservation of neurosensory elements primarily in segment I of the cochlea. In an era of hearing preservation surgery and hybrid cochlear implants, soft surgical techniques are advocated as a means to decrease surgical trauma.
W ith the re-introduction of a short electrode cochlear implant, intended for patients with residual low frequency hearing, there has been a strong emphasis on hearing-preservation surgery, as first championed years ago by Dr William House. 1 However, residual hearing is lost in the majority of the patients after cochlear implantation with long or standard electrodes. [2] [3] [4] [5] Immediate intracochlear changes arise from trauma during the surgical insertion of the electrode and include lateral wall trauma, disruption of the spiral ligament and stria vascularis, fracture of the osseous lamina, and basilar membrane and modiolar injuries. [6] [7] [8] [9] [10] Late changes arise from a host response to the electrode that involves a tissue reaction consisting of inflammation, fibrosis, and new bone formation. Trauma at the site of insertion may also introduce bone dust into the perilymphatic space that may contribute to the development of fibrosis and osteoneogenesis. 11, 12 The presence of new bone and fibrosis in the implanted cochlea, which has been found to extend distally to the electrode tip in some cases, 10 has been shown to affect electrode-tissue impedance 11 that might increase electrical stimulus threshold and decrease cochlear implant battery life. It has also been thought to alter psychophysical percepts 13, 14 as well as affect the ability to perform subsequent surgeries, such as explantation and reimplantation of an electrode, as well as future therapies such as regeneration of hair cells and neurons. 15 Since it was first determined that cochlear implants work by directly stimulating spiral ganglion cell bodies, there have been many studies [7] [8] [9] 11, 13, [16] [17] [18] on implanted temporal bones that attempted to determine the relationship between new tissue formation and preservation of neurosensory elements within the inner ear, and the relationship between neural preservation and performance. In 2007, investigators used an innovative method based on virtual three-dimensional (3D) reconstruction of human temporal bones to evaluate the relationship between cochlear osteoneogenesis and fibrosis, duration of implantation, age at implantation, word recognition score, and total number of spiral ganglion cells. 15, 17 In all of the subjects, the greatest amount of new bone and fibrous tissue was localized to the lower basal turn adjacent to the round window, and it decreased as it progressed apically. No significant correlation was found between the new tissue and the aforementioned variables. However, a significant correlation between damage to the periosteum of the lateral wall and new bone formation was found. 6, 7, 17 The goal of the current study was to use the same 3D software (AMIRA 4.1) used by the previous investigators 15, 17 to reconstruct and evaluate the postimplant intracochlear changes of the temporal bones in our collection. The new tissue was quantified and correlated to age of implantation, duration of implantation, and remaining neurosensory elements.
MATERIAL AND METHODS
Our temporal bone bank contains more than 3 dozen bones from patients who received a cochlear implant, including single-and multi-electrode devices. For this study, we selected 6 unilateral and 2 bilateral cases, a total of 10 implanted temporal bones. The other implanted bones were excluded either because of incomplete medical records or missing sections due to their use in other studies. The bones all belonged to female patients, with the exception of one male, and included nine multi-electrode implants and one single-electrode implant in a patient with a multi-electrode implant in the contralateral ear (see Table 1 ). Institutional Review Board approval for this specific study was not required as approval had already been obtained generically for the temporal bone bank and studies that might ensue from that data (IRB #06-030).
Temporal bones were prepared in the following way: They were first decalcified in EDTA for 8 to 12 months. Then they underwent celloidin processing and were cut with a microtome into 20 m sections. Every 10th section was stained with hematoxylin and eosin, placed on a slide, and described under light microscopy.
Estimated counts of spiral ganglion cells were obtained per cochlea and per segment with the use of the method described by Otte and Schuknecht (Fig 1A) . 19 The first step in graphic reconstruction of the spiral ganglion neurons is to draw the angulated spiral line that represents the outer margin of the spiral canal. The ganglion is divided into four segments by the vertical (midmodiolar) line. In the anatomic classification (Linthicum classification), the spiral ganglion is divided into basal and upper turns ( Fig 1B) . The midmodiolar section is what defines where the basal and upper turns meet. In this classification, the basal turn includes segments I and II and part of segment III. The upper turn includes the rest of the spiral ganglion. The basal turn can be further divided into proximal and distal portions.
The slides that contain spiral ganglion cells were selected, and the ganglion cells that contained a nucleus were counted with an ocular mounted grid at ϫ200 magnification. The numbers obtained were recorded and multiplied by 10 to account for unmounted sections and then by 0.9 to account for cells that would be doubly counted for their location on the interface between sections. Other histologic findings recorded included percentage of remaining hair cells and peripheral processes (dendrites). Spiral ganglion cells were computed as percent of normal based on the assumption of approximately 25,000 ganglion cells in the base and 10,000 in the apex in normal ears. 16 
3D Reconstruction
The slides that contain the cochlea were photographed under a 10ϫ objective and uploaded into the computer. There was an average of 30 images per case. To determine the dimensions of the voxels, we used an image of a scale taken with the same objective, uploaded it with Adobe Photoshop and used the measurement scale to determine the distance per pixel.
Once the images were uploaded in order into Amira 4.1, the alignment tool was used to assess the correct orientation of each slide. This setting was resampled and saved, and the file converted into one channel. Next, we used the label tool to identify the different structures we wanted the software to reconstruct in a 3D manner: blue was used to label healthy cochlear space usually filled with peri-and endolymph, white for neo-osteogenesis, orange for fibrosis, green for the electrode array pathway, and yellow for Rosenthal's canal. Once every section was labeled and saved, the surfacegen tool generated the 3D cochlea ( Fig 2) . With the measure tool, the program was able to determine the volumes of each labeled structure in cubic microns.
The volume edit tool allows the user to cut any reconstructed structure in many ways. The transformer box let us cut the cochlea with straight lines, which were used for segmentation of the cochlea into the traditional four spiral ganglion segments ( Fig 3) 19 and into the less traditional, but anatomic, basal and upper turns ( Figs 1B and 4) . The draw tool, which allows us to cut the cochlear segments freehand, was used for a more precise segmentation. The section at the center of the modiolus was used as a reference point for segmentation of the cochlea. The resulting segments were reanalyzed with the measure tool, and the data were recorded.
Because each segment is different in volume, we used percentage of new tissue instead of volume in cubic microns. Statistical analysis included the nonparametric Spearman Rho correlation coefficients between new tissue (fibrosis and osteoneogenesis) and spiral ganglion cell counts by entire cochlea and by segment as well as with other variables. Other variables taken into consideration included patient age at implantation, duration of implantation, and estimation of remaining peripheral processes (dendrites) and hair cells. (The relationship between remaining sensorineural elements and postimplantation performance of these and other bones has been previously presented, and results showed no relationship between auditory performance and surviving sensorineural elements.) 7 For the six unilaterally implanted patients, we compared the implanted to the nonimplanted bone with paired t tests. For all statistical tests, criterion for statistical significance was set at P Յ 0.05, two-tailed.
RESULTS
The clinical and histopathological characteristics of our subjects are shown in Table 1 . There were no statistically significant relationships between age at implantation or duration of implantation and the overall amount of new tissue in the implanted ear. However, age at implantation did show a significant negative correlation to total new tissue in segment II (rho ϭ -0.71, P Յ 0.047), and duration of implantation had a negative correlation with amount of fibrosis (rho ϭ -0.76, P Յ 0.028) in segment I, whereas amount of new bone tended toward a positive correlation in this segment (0.67, P Յ 0.07).
The volumetric measurements obtained by the 3-D reconstruction program were calculated in m 3 , but given that cochlear volume decreases toward the apex, we analyzed new tissue formation as a percentage of the total volume. The amount of fibrosis and new bone formation postimplantation varied greatly among studied temporal bones, from an almost histologically normal cochlea (subject 4) to one that lost more than half of its normal structure (subject 8R). Across all implanted temporal bone cochlear segments, there was a negative correlation between spiral ganglion cell count and amount of new tissue, although it did not achieve statistical significance (Rho ϭ -0.60, P Յ 0.067). However, this relationship was significant within cochlear segment I (Rho ϭ -0.75, P Յ 0.013) as was the relationship between new bone and spiral ganglion cell count in segment II (Rho ϭ -0.75, P Յ 0.013) although total new tissue in segment II was not correlated with spiral ganglion cell count. Most of the new tissue was located in segments I and II, segment III had little to no new tissue formation, and segment IV was clear in all of the subjects in this series ( Table 2) .
The cochleae were also segmented into basal and upper turns. Almost all fibrosis and osteoneogenesis occur in the basal turn, where the implant is located, but the subjects with the most new tissue had it extend past the tip of the implant (Table 3) . Again, the correlation between spiral ganglion cell count and total new tissue was significant for the basal turn (Rho ϭ -0.64, P Յ 0.046). Segmenting the cochleae in this unconventional way allowed inclusion of other neurosensory elements in the analysis. No bones had any remaining hair cells and only one had peripheral processes in the basal turn, whereas two bones had a small percentage of hair cells and three had some remaining peripheral processes in the upper turn. Consequently, there was no measurable relationship of these neurosensory elements to the amount of new bone or fibrous tissue present.
Although the subjects differ in a variety of ways in addition to insertion technique, such as cause, type of device, and number of electrodes, as well as whether a revision implant procedure had occurred, we did compare the five round window insertions to the five cochleostomy insertions. There were no statistically significant differences in amount of fibrosis, bone, total new tissue, or neurosensory elements that remain overall or for any of the segments. When comparing overall spiral ganglion cell counts between the implanted and nonimplanted sides in the six unilaterally implanted subjects, there was no statistically significant difference in total spiral ganglion cell count (means ϭ 13,818 and 16,536), in spite of the difference between ears in presence of new tissue (none in the nonimplanted ear). Lack of statistical significance may be at least partially due to the small sample size and large variability. However, on average, segment I of the implanted side had 35 percent fewer spiral ganglion cells than the nonimplanted side (mean ϭ 1823, SD ϭ 1130 and 2813, SD ϭ 1249, respectively; P Յ 0.037).
DISCUSSION
In the early years, cochlear implantation used to take place through the round window membrane. Histologic studies of a number of temporal bones implanted with a single-electrode device and with this technique show little trauma. 16 Another approach to the basal turn is a cochleostomy anterior to the round window niche, which provides excellent visualization of the scala tympani and modiolus. Temporal bone studies have described a marked difference in the degree of inflammatory reaction between these surgical approaches, the former being milder. Even though a relationship between intracochlear inflammatory reaction, preservation of neurosensory elements and patient performance has not been found, 7 there has been a recent interest in emphasizing the round window approach or a soft surgical technique of cochlear implantation for its potential of minimizing insertional injury and therefore maximizing preservation of residual hearing. 7, 12, 18 Our results suggest that a traumatic insertion (the temporal bones available for the current study are from patients implanted before the era of "softer" insertion techniques) can produce the formation of new bone and fibrous tissue. This is based on the fact that segment I is the most affected by new tissue formation in 8 of the 10 temporal bones studied, and most of the new tissue is confined to the basal turn of the cochlea, where the electrode was located. These findings are consistent with those of Li et al. 17 The amount of new tissue was found to have a negative correlation with spiral ganglion cell population in segment I in our subjects, and new bone in particular (as versus fibrosis) was related to spiral ganglion cell count in segment II with a trend in this direction in segment I. Interestingly, correlations of duration of implantation with new tissue tended to be negative for fibrosis and positive for bone, suggesting what we would expect: that with a longer time period fibrosis becomes bone.
It is important to point out that even though we found a relationship between new tissue formation and loss of spiral ganglion cells surrounding the site of electrode insertion, it would be premature to conclude that it is simply a causeeffect relationship. There are other variables to consider, such as anatomic variability, severity of the disease, or small sample size. In addition, the bones in this study were from older adults, and it is possible that the results may not be applicable to younger patients. Similarly, almost all bones were from female patients so generalization may be limited in this way. We should also consider that implantation usually takes place in the ear with the most severe hearing loss. In six cases of severe sensorineural hearing loss in our temporal bone bank with one ear worse than 100 dB, poor enough to need an implant, the poorer hearing ear had fewer ganglion cells (1521) than the contralateral side (2781) (Linthicum, unpublished data). As the poorer hearing ear is usually the one chosen for implant, we might expect fewer ganglion cells in implanted ears compared with contralateral ears just as a result of the hearing loss. In the current study, there was no statistically significant difference in overall spiral ganglion cell counts between the implanted and nonimplanted sides, with a difference only in segment I where most new tissue growth occurs in implanted ears. Thus, it is not clear how significant a role new tissue growth may play overall in relation to spiral ganglion cell survival. Further data are required for better analysis and more accurate conclusions.
CONCLUSION
With Amira 3D reconstruction software, we found an inverse relationship between the reaction to the presence of the implant (ie, new tissue formation) and the preservation of neurosensory elements primarily in segment I of the cochlea. In an era of hearing preservation surgery and hybrid cochlear implants, soft surgical techniques are advocated as a means to decrease trauma and new tissue formation.
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